The adaptor protein R7 family binding protein (R7BP) modulates G protein coupled receptor (GPCR) signaling and desensitization by controlling the function of regulator of G protein signaling (RGS) proteins. R7BP is expressed throughout the brain and appears to modulate the membrane localization and stability of three proteins that belong to R7 RGS family: RGS6, RGS7, and RGS9-2. RGS9-2 is a potent negative modulator of opiate and psychostimulant addiction and promotes the development of analgesic tolerance to morphine, whereas the role of RGS6 and RGS7 in addiction remains unknown. Recent studies revealed that functional deletion of R7BP reduces R7 protein activity by preventing their anchoring to the cell membrane and enhances GPCR responsiveness in the basal ganglia. Here, we take advantage of R7BP knockout mice in order to examine the way interventions in R7 proteins function throughout the brain affect opiate actions. Our results suggest that R7BP is a negative modulator of the analgesic and locomotor activating actions of morphine. We also report that R7BP contributes to the development of morphine tolerance. Finally, our data suggest that although prevention of R7BP actions enhances the analgesic responses to morphine, it does not affect the severity of somatic withdrawal signs. Our data suggest that interventions in R7BP actions enhance the analgesic effect of morphine and prevent tolerance, without affecting withdrawal, pointing to R7BP complexes as potential new targets for analgesic drugs.
INTRODUCTION
Regulators of G protein signaling (RGS) are a large family of multifunctional proteins that control fundamental physiological functions as well as pharmacological responses mediated by the G protein coupled receptors (GPCRs). RGS proteins control signal transduction by associating with activated Ga subunits to promote their termination, as well as by several other mechanisms that affect activation of effector enzymes and receptor desensitization (Berman and Gilman, 1998; Dohlman and Thorner, 1997) . Several RGS proteins contain additional domains that modify their catalytic activity or provide additional functions. RGS9-2 as well as highly homologous RGS6 and RGS7 (RGS6/7) are among the most abundant RGSs in the CNS (Gold et al, 1997; Terzi et al, 2009) . They belong to the R7 subfamily that additionally contains RGS9-1 and RGS11 proteins prevalent in the retina (Hooks et al, 2003; Anderson et al, 2009 ). Members of the R7 family share several domains and form constitutive complexes with the type 5 G protein b subunit (Gb5) (Sondek and Siderovski, 2001; Cheever et al, 2008) . The R7-Gb5 association is essential for the protein's stability and function (He et al, 2000; Chen et al, 2003) . R7 proteins also share a DEP domain (Martemyanov et al, 2003; Ballon et al, 2006) , which is required for their interaction with the adaptor molecules R9AP in the retina (Hu and Wensel, 2002) and R7 family binding protein (R7BP) in the brain (Martemyanov et al, 2005) . The R7-R7BP interaction is essential for the cellular localization and function of R7 proteins, as it determines the localization of the protein at the cell membrane (Drenan et al, 2005; Anderson et al, 2009; Jayaraman et al, 2009) .
A number of studies have shown the functional significance of R7 interactions with their binding partners (Jayaraman et al, 2009; Martemyanov et al, 2003; Psifogeorgou et al, 2011) . These studies revealed that Gb5 and R7BP knockout mice have dramatically diminished levels of RGS9-2 protein (Chen et al, 2003; Anderson et al, 2009) , that loss of R7BP affects RGS9-2 localization and striatal signaling (Anderson et al, 2009) , and that pharmacological manipulations, or changes in neuronal excitability affect the composition of R7 complexes in the striatum (Anderson et al, 2009; Psifogeorgou et al, 2011) . Recent evidence from genetic mouse models suggests that R7BP has a key role in regulation of GPCR responses in the basal ganglia, via interactions with RGS9-2 and RGS7. RGS9-2 is expressed in very high amounts in the striatum, where it has been shown to modulate responsiveness of m-opioid and D2 dopamine GPCRs Zachariou et al, 2003; CabreraVera et al, 2004; Kovoor et al, 2005; Gold et al, 2007; Traynor et al, 2009) . Specifically, our earlier work revealed a potent role of RGS9-2 in opiate actions Psifogeorgou et al, 2007; Psifogeorgou et al, 2011) . Opiates, such as morphine, have several applications as analgesics for some forms of pain, but their prolonged use is associated with severe side effects such as the development of dependence and analgesic tolerance (Kreek, 2001; Inturrisi, 2002) . A number of recent reports implicate a number of signal transduction molecules, such as b-arrestin-2, several protein kinases or scaffolding molecules in the mechanisms underlying analgesic tolerance (Bohn et al, 1999; Chen et al, 2008; Charlton et al, 2008; Melief et al, 2010) but the exact brain network specific events underlying this phenomenon are not fully understood. RGS9-2 actions in the striatum modulate opiate reward, dependence and analgesia, and contribute to the development of analgesic tolerance (Traynor et al, 2009 ). RGS6 and RGS7 show a broader pattern of distribution, and, in addition to striatum, they are present at significant levels in the hippocampus as well as in the locus coeruleus (LC) (a noradrenergic nucleus involved in the expression of opiate withdrawal) (Gold et al, 1997) . This expression pattern suggests that R7 RGS protein complexes may potently modulate opiate addiction. Since R7BP is an essential component of such complexes, we hypothesized that blockade of R7BP/R7 interactions affects opiate actions. To examine this hypothesis, we took advantage of genetically modified mice, lacking the R7BP gene (Anderson et al, 2007) and performed a series of behavioral and biochemical studies. Our findings suggest that R7BP acts as a negative modulator of the analgesic and locomotor activating actions of morphine, has a major role in morphine tolerance but does not affect morphine withdrawal. These data point to R7BP as a potent new pharmacological target, as blockade of its function may enhance the analgesic actions of morphine and prevent the development of analgesic tolerance without affecting the severity of withdrawal.
MATERIALS AND METHODS

Animals
For all behavioral assays, we used naive 2-4 month R7BP knockout mice (R7BPKO) and their wild-type littermates (R7BPWT), as described before (Anderson et al, 2010) . All assays were performed in male mice except for morphine withdrawal assays, which were performed in female mice. For immunoprecipitation assays, striata were extracted 30 min following saline, fentanyl or morphine injections as described earlier (Charlton et al, 2008) . For immunoblotting analysis, striata from 2-month-old C57Bl/6 mice were extracted 30 min, 2 h, or 4 days after saline or drug treatment as described . Animals were housed in a 12-h dark/light cycle room. All experiments were performed in accordance with the Declaration of Helsinki and with the Guide for the Care and Use of Laboratory Animals by the National Institutes of Health and were approved by the animal care and use committees of the University of Crete and the Scripps Research Institute.
Co-immunoprecipitation Assays and Western Blotting
Striatal tissue of mice treated with saline, morphine, or fentanyl for 30 min were rapidly dissected as described earlier (Psifogeorgou et al, 2011) . Lysates were precleared with 20 ml of G agarose beads (Roche, Mannheim, Germany) by 1-2 h incubation at 4 1C. Supernatants were incubated overnight with primary antibody on a rotating platform, followed by incubation with 20 ml protein G agarose beads for 2 h at 4 1C. Beads were washed three times in lysis buffer, precipitated, and resuspended in equal volume of loading buffer. Immunoprecipitated proteins were analyzed by 10% SDS-polyacrylamide gel electrophoresis followed by electrotransfer to 0.45 mm nitrocellulose membrane (BioRad Labs, Hercules, CA). For western blot analysis studies, Gb5 (a protein shown not to be regulated by opiate administration) was used as a loading control. The following antibodies were used for IP and western blot assays: rabbit protein A-purified anti-RGS9-antibody (1 : 10 000; Psifogeorgou et al, 2007) and a rabbit anti-Gb5 (C-terminus) antibody (1 : 20 000; W Simonds, National Institute of Diabetes, Digestive and Kidney Diseases, Bethesda, MD), a rabbit anti-RGS6/7 antibody (Wyeth-Ayerst Pharmaceuticals, Madison, NJ, USA), and a rabbit anti-R7BP antibody (Martemyanov et al, 2005) . For synaptosomal preparations, striatum was dissected and homogenized in 1 ml 0.32 M sucrose 0.1 mM CaCl 2 (containing phosphatase-NaF, Na 3 VO 4 -, and protease inhibitors) using a glass homogenizing tube and a Teflon pestle. After centrifugation at 4000 r.p.m. for 5 min at 4 1C, the pellet was discarded and the supernatant was centrifuged at 13 200 r.p.m. for 20 min. The pellet was resuspended in 1% SDS plus inhibitors in a final volume of 150 ml and placed on ice (Moron et al, 2003) . For all western blotting and co-immunoprecipitation assays, levels were quantified by measuring the optical density of specific bands using NIH image. Data are expressed as percentage of saline-treated group.
Hot Plate Analgesia and Tolerance Paradigms
For acute analgesia studies, baseline latencies (time to leak paw or jump) were monitored using the 52 1C hot plate paradigm (IITC, Life Sciences, CA) as described before (Psifogeorgou et al, 2011) . Following that mice were injected with morphine (or fentanyl) and hot plate responses were monitored 30 min later. For analgesic tolerance assays, mice were monitored at baseline and 30 min after drug administration for 5 consecutive days. All hot plate data are expressed as percentage maximal possible effect (MPE ¼ [latency-baseline]/[cutoff-latency]). A cutoff time of 40 s was used for all hot plate experiments.
Locomotor Activity Assays
For locomotor activity assays, on test day, littermate mice were habituated to the locomotor cages for 1 h before testing. Mice were injected subcutaneously with saline daily for 3 days for habituation. Morphine (5, 10, 20 mg/kg) R7BP modulates morphine tolerance D Terzi et al freshly dissolved in saline was injected with 3-day interval between the different doses. After each injection, the mouse was placed in the center of locomotor activity chambers (ENV515; 170 W Â À170 L Â 120 H; Med Associates, St Albans, VT). Ambulatory activity was monitored for 180 min by an automated tracking system consisting of three 16 beam infrared arrays as described previously (Anderson et al, 2010) .
Spared Nerve Injury Model
The surgical procedure for spare nerve injury was performed under avertine (Sigma-Aldrich) general anesthesia. Using stereomicroscope, an incision of the skin and muscle of the left hind-paw at mid-thigh level was performed to reach the sciatic nerve and its three branches. The common peroneal and the sural nerves were carefully ligated with 6.0 silk suture (Ethicon, Johnson & Johnson Intl.), transected and a 1-to 2-mm section of these nerves was removed, while the tibia nerve was left intact. Skin incisions were then closed with silk 4.0 sutures.
Von Frey Assay for Tactile Allodynia
Mechanical threshold for hind-paw withdrawal was determined using von Frey hairs with ascending forces expressed in grams (0.1-3.6 g) (Electronic von Frey Anesthesiometer, IITC, CA). Mice were single-placed in Plexiglas boxes on an elevated mesh screen. Animals were habituated to the apparatus every other day for 2 weeks before surgery. For assessment of mechanical allodynia, each von Frey hair was applied on the plantar surface of the left hind-paw, five times per paw, and the mechanical threshold was defined as three or more positive responses.
Morphine Withdrawal Paradigm
Mice were injected with increasing doses of morphine every 12 h for 4 consecutive days (day 1: 20 mg/kg, day 2: 40 mg/kg, day 3: 60 mg/kg, day 4: 80 mg/kg) and on the fifth day they received a morphine injection (80 mg/kg) and 3 h later, withdrawal was precipitated with a s.c. injection of naloxone (1 mg/kg; Sigma). Withdrawal signs (jumps, wet dog shakes, tremor, ptosis, diarrhea, weight loss) were monitored for 30 min immediately after naloxone injection, and the experimenter was blind to the animal genotype. We used female mice from the R7BP line as no sex differences are observed in the high intensity opiate withdrawal paradigm we use.
Data Analysis
For hot plate analgesic tolerance, von Frey mechanical allodynia and opiate withdrawal behavioral assays, we used two-way ANOVA and Bonferroni post hoc tests for within groups comparisons whenever analysis revealed a genotype effect. For co-immunoprecipitation assays, we used one-way ANOVA followed by Dunnett's post hoc test. For western blot analysis, and acute hot plate assays we used Student's t-test.
RESULTS
Based on earlier findings demonstrating that RGS9-2 is a potent modulator of opiate actions and on more recent evidence showing a modulatory role of R7BP on stability and cellular localization of R7 RGS proteins (Anderson et al, 2009) , we hypothesized that R7BP affects multiple aspects of opiate actions in the brain. Figure 1a shows the expression of R7BP, Gb5, RGS6/7, and RGS9-2 in various brain regions known to express m-opioid receptors (MOPR). As shown in Figure 1a , R7BP is abundant in the dorsal striatum, nucleus accumbens and in brain regions such as the LC and the hippocampus, where RGS6/7 is enriched compared with Gb5 and RGS9-2.
We also used western blot analysis in order to investigate the way morphine treatment modulates R7BP levels in the striatum. We have previously reported that in this brain region, RGS9-2 levels are increased 2 h following morphine application (Psifogeorgou et al, 2007) . Interestingly, the other components of this complex, R7BP and Gb5 are not regulated by morphine (Figure 1b ). R7BP and Gb5 levels remain unchanged 30 min or 2 h post-morphine injections or following repeated morphine administration (once a day for 4 consecutive days). In this set of studies, we also used synaptosomal preparations, in order to examine if redistribution of R7BP after morphine application results in changes in the levels of the protein in synaptosomes. As shown in Supplementary Figure 1 , morphine does not promote any changes in R7BP levels in striatal synaptosomes. Based on recent findings demonstrating robust changes in RGS9-2 protein interactions in the striatum following exposure to opiate agonists (Psifogeorgou et al, 2011) , we hypothesized that morphine treatment affects the composition of R7BP complexes in this brain region. Our immunoprecipitation assays demonstrate that fentanyl and morphine enhance the association of RGS9-2 with R7BP in the striatum by 86 ± 19% and 127 ± 44.5%, respectively (Figure 1c ; n ¼ 3 per group *po0.05, one-way ANOVA followed by Dunnett's post hoc test and Supplementary  Figure 2) . Thus, although opiates do not affect R7BP levels, they promote R7BP/RGS9-2 protein interactions.
In the next set of studies, we examined the role of R7BP in behavioral responses to morphine using R7BPKO mice. Consistent with earlier findings, knockout of R7BP increases sensitivity to the locomotor activating actions of morphine, as mutant animals show locomotor activation at much lower doses than those required for their wild-type controls (Figure 2) . A two-way ANOVA (time by genotype) revealed a significant effect of genotype (F(1,444) ¼ 549.718, po0.001), a significant effect of time (F(36,444) ¼ 6.340, po0.001) and a significant interaction between time and genotype (F(36,444) ¼ 5.635, po0.001). Furthermore, at doses causing locomotor activation in both genotypes, the activation started significantly earlier in R7BPKO mice compared with their wild-type littermates (maximal response times to 10 mg/kg morphine were 20 min for R7BPKO and 60 min for R7BPWT, whereas responses to 20 mg/kg were 15 min for R7BPKO vs 45 min for R7BPWT mice). A two-way ANOVA (time by genotype) revealed a significant effect of genotype (10 There was a significant interaction between time and genotype at 20 mg/kg dose (F(36,407) ¼ 7.309, po0.001) but not at 10 mg/kg (F(36,444) ¼ 1.064, p ¼ 0.373). These findings suggest that genetic elimination of R7BP increases sensitivity to the locomotor activating actions of morphine.
We next examined the role of R7BP in the analgesic actions of morphine in the hot plate assay. As shown in Figure 3 , R7BPKO mice have normal thermal nociceptive thresholds at 52 1C (Figure 3a) . As shown in the next graph, R7BPKO mice show a greater analgesic response to low morphine doses (10 and 15 mg/kg) than their wild-type controls (Figure 3b ; *po0.05, t-test). The onset or duration of the analgesic response was not affected by the deletion of the R7BP gene (not shown). A similar phenotype is observed following fentanyl administration (Figure 3c ; *po0.05, t-test).
We also investigated the impact of R7BP on the chronic actions of morphine. Using the 52 1C hot plate paradigm, we monitored analgesic responses to morphine (20 mg/kg) once a day for 5 consecutive days. As shown in Figure 4 , while wild-type animals show a reduced analgesic response to morphine by day 3 and complete tolerance by day 5, R7BPKO mice show maximal analgesic response until day 5. A two-way ANOVA analysis followed by the Bonferroni post hoc test revealed a significant genotype (F(1,68) The expression of R7BP, Gb5, RGS9-2, and RGS6/7 and in different brain regions of the mouse. Western blot analysis was also used to determine possible regulation of R7BP levels in the mouse striatum by acute (30 min or 2 h, n ¼ 4-5 per group) or repeated morphine application (once a day for 4 days, n ¼ 4 per group). As shown in (b), acute or repeated morphine treatments do not affect R7BP levels. Coimmunoprecipitation assays in the striatum demonstrate an increase in RGS9-2/R7BP complexes following acute fentanyl or morphine administration (c; n ¼ 3 per group). Striata from C57/Bl/6 mice treated with saline (sal) fentanyl (fent) or morphine (mor) for 30 min were immunoprecipitated with anti-RGS9-2 antibody and assayed with anti-R7BP antibody. Total lysates (TL) were assayed for R7BP levels. Data are expressed as mean±SEM, n ¼ 3 per group *po0.05, one-way ANOVA followed by Dunnett's post hoc test. Figure 2 A role of R7BP in the locomotor activating actions of morphine. Knockout of R7BP increases sensitivity to the locomotor activating actions of morphine. In particular, R7BPKO mice show a significant locomotor activation at a dose of 5 mg/kg (a). Wild-type animals do not show activation at this dose (po0.001 two-way ANOVA followed by Bonferroni test). At higher doses of morphine (10 and 20 mg/kg), locomotor activation starts much earlier in R7BPKO mice compared with their wild-type controls (b, c, po0.001, followed by Bonferroni post hoc test). Data are expressed as mean ± SEM, n ¼ 5-9 per group.
R7BP modulates morphine tolerance D Terzi et al po0.001), time (F(4,68) ¼ 9.149, po0.0001), and interaction effect (F(4,68) ¼ 7.064, po0.0001), n ¼ 8-11 per group. Since our studies so far revealed a modulatory role of R7BP in the antinociceptive actions of morphine in response to acute noxious stimuli, our next set of studies investigated the role of R7BP on morphine actions using chronic pain models. In particular, we used a neuropathic pain paradigm, the spared nerve injury model, and evaluated the antiallodynic effect of morphine in R7BPWT and mutant mice. First, we examined the influence of R7BP in neuropathic pain symptoms such as mechanical allodynia. Figure 5a demonstrates mechanical allodynia responses of the ipsilateral (left) hind-paw in the von Frey assay. As suggested by these data, mechanical nociceptive thresholds are not different between genotypes. The next set of studies evaluated the effect of morphine in mechanical allodynia responses in SNI groups of R7BPWT and R7BPKO mice. Morphine was administered for 5 consecutive days twice a day, in order to examine the effect of genotype on the rate of tolerance development. R7BPKO mice showed a higher response to the antiallodynic actions of morphine (3 mg/kg) during the first day of morphine application, but this effect was not statistically significant. R7BPWT mice showed a reduced response to morphine starting from the second day of the drug administration as a result of tolerance to the actions of morphine. R7BPKO appeared to develop tolerance to morphine at a much slower rate (Figure 5b) . A two-way ANOVA followed by Bonferroni post hoc test revealed significant genotype (F(1,112) ¼ 18.78, po0.001), time (F(7,112) ¼ 11.15, po0.0001), and interaction effect (F(7,112) ¼ 2.563, po0.05).
The last part of the study examined the influence of R7BP on morphine withdrawal. R7BP is present in several brain regions modulating opiate reward and dependence, including the LC, the hippocampus, and the striatum. Earlier work, revealed a preventive role of the R7 member RGS9-2 in morphine dependence . Based on this information, we hypothesized that regulation of R7 protein family members by R7BP in any of these brain regions could affect the expression of morphine withdrawal. We used a paradigm in which increasing doses of morphine were administered for 5 days, followed by an acute injection of the MOPR antagonist naloxone (1 mg/kg) 3 h after the last morphine injection to precipitate withdrawal. Several opiate withdrawal signs (jumps, wet dog shakes, tremor, diarrhea ptosis, and weight loss) were monitored for 30 min following naloxone administration. As shown in Figure 6 , there were no significant differences between genotypes in opiate withdrawal behavior, although there was a trend for milder diarrhea and weight loss in R7BPKO mice. The overall withdrawal score for R7BPWT mice ¼ 27.7 ± 1.5 and for R7BP mutants ¼ 25.2±1.2. Blockade of R7BP actions prevents the development of morphine tolerance. Mice received 20 mg/kg morphine once a day for 5 consecutive days and 52 1C hot plate responses were monitored before and 30 min after morphine administration. R7BPKO mice show the same analgesic response throughout the study, whereas wild-type animals develop tolerance by the third day of morphine administration. Data are expressed as mean ± SEM, *po0.001, two-way ANOVA, followed by the Bonferroni post hoc test (n ¼ 8-11 per group).
R7BP modulates morphine tolerance D Terzi et al
DISCUSSION
Our findings support a unique role of R7BP in morphine actions, as a negative modulator of morphine analgesia and a key component for the development of morphine tolerance. Our study provides novel information on the role of R7BP in opiate actions and suggests that R7 protein complexes have an essential role in modulation of opiate actions in the CNS. A number of recent studies reveal a dynamic role of several RGS family members in neuronal responses. Regarding opiate actions, RGS4 appears to have a potent role in modulation of opiate dependence in the LC (Han et al, 2010) . Several recent studies also suggest that RGS9-2 complexes in the striatum modulate MOPR signaling and affect opiate analgesia, reward, and dependence Psifogeorgou et al, 2011) . To date there is no information about the role of other RGS proteins in opiate addiction. As shown by our western blot analysis studies, R7BP is distributed in several brain regions, which are also expressing other components of the R7 complexes, namely Gb5, RGS9-2, RGS6, and RGS7. Our first set of studies explored the regulation of R7BP and R7BP complexes by opiates. We first monitored R7BP levels following acute or chronic morphine application. R7BP levels are not regulated by morphine in the striatum a brain region that we have observed an upregulation of RGS9-2 2 h after acute morphine application, and a downregulation of RGS9-2 following chronic morphine exposure Psifogeorgou et al, 2007) . Notably, Gb5 levels also remain unchanged by acute or chronic opiate treatment (Psifogeorgou et al, 2007) . This finding suggests that opiates produce specific alterations in the levels of RGS proteins participating in R7 complexes, but not in their interacting partners. Our immunoprecipitation studies provide evidence about the influence of opiate agonists on R7BP protein interactions, showing that activation of the MOPR by morphine or fentanyl promotes the formation of complexes between RGS9-2 and R7BP. These results suggest that association of RGS9-2 with R7BP following MOPR activation is essential for the regulation of MOPR regulation by RGS9-2. Recent studies from our group revealed that RGS9-2 acts as a negative modulator of morphine actions but a positive modulator of fentanyl effects (Psifogeorgou et al, 2011) . Interestingly, R7BP is required for both positive and negative modulation of MOPR by RGS9-2, as R7BP/RGS9-2 complexes are formed by both fentanyl and morphine. We predicted that R7BP has a prominent role in opiate dependence and analgesia based on its effects on the function of RGS9-2 and RGS6/7 in the brain. Earlier work revealed that genetic ablation of the R7BP gene modulates motor activity and psychostimulant responses as well as motor learning (Anderson et al, 2010) . Our work extends these findings and shows that blockade of R7BP actions enhances opiate analgesia and prevents the development of morphine tolerance. Interestingly, the R7BP phenotype is not identical to the one observed in mice lacking RGS9, as blockade of RGS9-2 actions enhances morphine analgesia but also exacerbates morphine withdrawal, whereas genetic deletion of R7BP affects analgesia but not withdrawal. As R7BP interacts with RGS6/7 and RGS9-2 in the brain (Martemyanov et al, 2005) , and it is present in the LC, we speculate that actions of R7 complexes in the LC oppose the actions of R7 complexes in the striatum and for this reason, the overall withdrawal expression does not change in R7BP mutants. Our study provides solid evidence on a role of R7BP protein in morphine tolerance, using several paradigms of morphine administration in pain-free as well as in Figure 6 R7BP does not affect morphine withdrawal. Mice received increasing morphine doses as described in Methods and withdrawal was precipitated using naloxone hydrochloride (1 mg/kg). Several withdrawal signs (jumps, wet dog shakes, tremor, diarrhea, and weight loss) were monitored for 30 min after naloxone administration. No significant difference was observed between genotypes, although there was a trend for decreased diarrhea and weigh loss in mutant mice. Data are expressed as mean±SEM, n ¼ 12-14 per group.
R7BP modulates morphine tolerance D Terzi et al chronic pain-suffering animals. The enhanced response to the analgesic actions of morphine and the prevention of analgesic tolerance are not a result of altered sensory processing in the mutant mice, as R7BPKO mice show normal hot plate latency and normal responses to the von Frey assay for mechanical allodynia. Naive, pain-free and neuropathic pain-suffering R7BP mutants show enhanced responses to opiate analgesics, compared with their wildtype controls. Notably, R7BP appears to have a more prominent role in the modulation of morphine antinociceptive actions in noxious thermal stimuli, as shown by hot plate assay data, compared with the antiallodynic actions of the drug. However, in both cases, R7BP complexes appear to have an essential role in morphine actions. Given the limited pharmacological tools available for the study of R7BP complexes, constitutive knockout mice provide an important tool for an initial evaluation of R7BP function in the brain. So far, our studies confirm that ablation of the factors contributing to R7 RGS proteins stability has major consequences for their stability and function, and provide the first evidence on the role of R7BP in morphine tolerance. Being aware of the limitations of constitutive knockout mice, we avoided using this line in reward paradigms involving learning and memory mechanisms: as R7BP is expressed in the hippocampus, and earlier data suggest that its interacting partner Gb5 has a prominent role in hippocampal function (Xie et al, 2010) , we avoided using the conditioned place preference or self-administration paradigms. Our future studies aim to the use of more elaborate genetic tools, which will permit brain regionspecific manipulations of R7BP levels in adult mice, as it is obvious that R7BP complexes modulate MOPR (and other GPCR) function in several brain regions. It is also important to identify the composition of the exact R7BP/R7 protein complexes associated with morphine actions in different brain regions. Several studies in the past have demonstrated a functional role of signal transduction molecules modulating MOPR signaling and desensitization. Molecules like RGS9-2 and spinophilin affect opiate reward, dependence, and analgesia Charlton et al, 2008) , whereas other signal transduction proteins appear to selectively influence some of the drug's actions: as mentioned earlier, RGS4 knockout mice show severe morphine dependence but no tolerance phenotypes (Han et al, 2010) and deletion of the b-arrestin-2 gene prevents analgesic tolerance to morphine but does not affect the development of morphine dependence (Bohn et al, 2004) . These differences may be a result of tissue-or cell type-specific actions of signal transduction molecules or the fact that some of these proteins affect several GPCRs besides MOPR. Clearly, there are several factors that contribute to the development of morphine tolerance and brain region-specific cellular adaptations associated with MOPR desensitization. The presence of R7BP in all brain regions expressing MOPR suggests that this protein modulates MOPR function in various networks, perhaps via interactions with RGS9-2 and RGS6/7. We speculate that R7BP actions in the brain reward center, in the hippocampus and possibly in the spinal cord modulate the different actions of opiates.
Our findings provide a better understanding on the mechanisms underlying the acute and chronic actions of opiates. Elucidating the cellular mechanism of opiate actions is essential for the more efficient use of the currently available opiate analgesics, but also for the development of novel drug targets. In the case of R7BP, a potent modulator of MOPR actions has a prominent role in the development of analgesic tolerance but does not affect opiate withdrawal. Moreover, R7BP may be a more attractive drug target than the individual R7 RGS proteins because of its wide distribution: thus, prevention of R7BP actions does not only affect RGS9-2 function in the striatum, but also the function of R6/7 proteins expressed in many other brain regions implicated in addiction and analgesia. These properties of R7BP make it an attractive pharmacological target and suggest that the development of agents preventing specific protein interactions may offer a powerful new tool for the management of certain forms of pain.
